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ABSTRACT: We measured the concentrations of 837 hydroxy-
lated polychlorinated biphenyls (OH-PCBs, in 275 chromato-
graphic peaks) and 209 polychlorinated biphenyls (PCBs, in 174
chromatographic peaks) in sediments from New Bedford Harbor
in Massachusetts, Altavista wastewater lagoon in Virginia, and the
Indiana Harbor and Ship Canal in Indiana, USA and in the original
commercial PCB mixtures Aroclors 1016, 1242, 1248, and 1254.
We used the correlation between homologues and the peak
responses to quantify the full suite of OH-PCBs including those
without authentic standards available. We found that OH-PCB
levels are approximately 0.4% of the PCB levels in sediments and
less than 0.0025% in Aroclors. The OH-PCB congener
distributions of sediments are different from those of Aroclors
and are different according to sites. We also identified a previously
unknown compound, 4-OH-PCB52, which together with 4′-OH-PCB18 made up almost 30% of the OH-PCBs in New Bedford
Harbor sediments but less than 1.2% in the Aroclors and 3.3% in any other sediments. This indicates site-specific environmental
transformations of PCBs to OH-PCBs. We conclude that the majority of OH-PCBs in these sediments are generated in the
environment. Our findings suggest that these toxic breakdown products of PCBs are prevalent in PCB-contaminated sediments and
present an emerging concern for humans and ecosystems.
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■ INTRODUCTION

Mono-hydroxylated polychlorinated biphenyls (OH-PCBs) are
major oxidative products of polychlorinated biphenyls (PCBs),
a group of persistent organic pollutants.1−7 Although OH-
PCBs have been reported in biota, air, and sediments,8−13 their
prevalence and origin in the environment are not fully
understood. They are analytically challenging to measure,
and of 837 possible congeners,14 only a small fraction is
commercially available as analytical standards. Like other
unidentified or unknown pollutants, the lack of standards
prevents the determination of quantitative assessment of risk to
exposure.15−17

OH-PCBs may be produced in the environment from PCBs
by biological metabolism, atmospheric reaction, and oxidation
processes in water treatment.1−4,8,18 Biological metabolism of
PCBs to OH-PCBs in mammals, plants, and aerobic bacteria is
the most widely studied among the three. The metabolism is
mediated through cytochrome P450 monooxygenase
(CYP450) by direct electrophilic addition of oxygen or by
the formation of a transient reactive arene oxide and the
spontaneous rearrangement to OH-PCBs.1−4,19,20 OH-PCB
metabolites formed in the living organisms can enter the food
chain and be released into the environment.2 Abiotic formation

of OH-PCBs has been demonstrated in the laboratory and in
silico through the atmospheric reaction between volatile PCBs
and hydroxyl radicals,21−26 both of which are present in the
atmosphere.23,27 However, no study has directly observed the
formation of OH-PCBs through this mechanism in the
environment.2 OH-PCBs may be a result of advanced
oxidation processes utilized in the treatment process because
the concentrations of OH-PCBs in the surface waters collected
near sewage treatment plants in urban areas were reported to
be relatively higher than those collected from offshore from
Lake Ontario.8

OH-PCBs have toxicity profiles similar to and distinct from
PCBs. OH-PCBs are hormone disruptors.1−7 OH-PCBs
disrupt estrogen homeostasis by strongly binding to estrogen
receptors and acting as either receptor agonists or antago-
nists.28−30 An increase of OH-PCB levels shows a clear
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relationship with a decrease of thyroid hormone levels.31−33

Through the inhibition of sulfotransferases (SULTs), OH-
PCBs can also elevate the levels of active estrogens and thyroid
hormones and inhibit the sulfation of OH-PCBs.34−37

Although OH-PCBs themselves are not known to be
carcinogens, they can be metabolized to ultimate carcinogen
PCB quinones.7,38,39

Despite various toxicities, little is known about the sources
and magnitude of OH-PCB levels in the environment.
Sediment is one of the biggest environmental reservoirs of
PCBs and is a potential source of OH-PCBs to the
environment.5−7,40 However, we are aware of only three
reports of OH-PCBs in sediments. Sakiyama et al. (2007)
reported OH-PCBs in sediments from Osaka, Japan.9 Sun et al.
(2016) detected OH-PCBs in sewage sludge in China.12 We
also reported OH-PCBs in sediments from the Indiana Harbor
and Ship Canal in Indiana, USA (IHSC), in Marek et al.
(2013).10 To our knowledge, there are no studies of the full
suite of OH-PCBs in sediments but only small sets of those
with standards available. Furthermore, it remains unclear if
these compounds are widely prevalent in PCB-contaminated
sediments.
Here, we report for the first time the total OH-PCB

concentrations and their congener-specific distributions in
sediments and in Aroclors. We hypothesize that the OH-PCBs
are present in PCB-contaminated sediments, and the
concentrations and distributions are proportional to their
PCB contamination level. To address this hypothesis, we
analyzed OH-PCBs and PCBs in sediment samples collected
from three different sites contaminated with PCBs: New
Bedford Harbor in Massachusetts, USA (NBH); Altavista
wastewater lagoon in Virginia, USA (AWL); and IHSC. We
also consider two hypotheses of the origin of OH-PCBs in
sediments: (1) they were present in the original commercial
PCB mixtures or (2) they were/are generated later in the
environment. Our study therefore includes the determination
of OH-PCBs and PCBs in four Aroclors: Aroclor 1016
(A1016), Aroclor 1242 (A1242), Aroclor 1248 (A1248), and
Aroclor 1254 (A1254), whose combination composed more
than 99% of the Aroclors sold in the US,5,6 and these Aroclors
are likely to be the original mixtures contaminating the three
sites.41−43

■ MATERIALS AND METHODS
PCB Standard Solution. Details of PCB standard solution

can be found in Table S1. Briefly, the PCB standard solution
was composed of (i) 209 PCB congeners (AccuStandard, New
Haven, CT, USA); (ii) 10 13C-PCB surrogate standards
(mono- to deca-chlorinated; Wellington Laboratories, Guelph,
ON, Canada); and (iii) d5-PCB30 (Cambridge Isotope
Laboratories, Andover, MA, USA), which is used as an internal
standard together with PCB204 (AccuStandard). PCB
congener names are in accordance with the United States
Environmental Protection Agency (US EPA).44

MeO-PCB Standard Solution. Details of MeO-PCB
standard solution can be found in Table S2. Briefly, the
MeO-PCB standard solution was composed of (i) 70 mono-
MeO-PCBs (9 mono-, 5 di-, 6 tri-, 12 tetra-, 13 penta-, 8 hexa-,
10 hepta-, 6 octa-, and 1 nona-chlorinated; AccuStandard and
Wellington Laboratories); (ii) seven 13C12-mono-MeO-PCB
surrogate standards (di- to hepta-chlorinated; Wellington);
and (iii) two internal standards (d5-PCB30 and PCB204).
Synthetic standards 4-MeO-PCB8 and 4-MeO-PCB52 were

prepared through the Suzuki coupling of a corresponding
benzene boronic acid and a methoxylated bromochloroben-
zene as described elsewhere along with their NMR and X-ray
diffraction data.45−47

Sediment Samples. Twelve surficial sediment samples
from three PCB-contaminated sites were used in this study
(Table S3): five sediments collected from the upper harbor of
NBH in December 2017 using a piston-core sampling device
(predredging samples from the remediation area O);48,49 five
sediments collected from AWL in September 2015 using hand
auger;43 and two were collected from the IHSC in May 2009
by a submersible vibrocoring system.42 See Table S3 for the
geographic coordinates. To protect OH-PCBs from decay and
to prevent additional generation, the sediment samples were
kept in an airtight container and refrigerated at 4 °C until
extraction and analysis. We have previously reported
concentrations of PCBs in sediments from these sites, but
for this study, all samples were freshly extracted and analyzed
as described here.
The PCB extraction method was modified from our previous

methods.41−43 Sediment samples were weighed and mixed with
an equal weight of diatomaceous earth (DE; Thermo Fisher
Scientific, Waltham, MA, USA). One gram of 1:1 sediment/
DE mixtures were spiked with 25 ng of each of the 13C12-PCB
surrogate standards, before extracting with hexane:acetone
(1:1 v/v) (pesticide grade; Fisher Chemical, Fair Lawn, NJ,
USA) by pressurized liquid extraction (PLE; Dionex ASE 200,
Sunnyvale, CA, USA) using conditions in concordance with
EPA methods 8082A and 3545A.50,51 The extracts were
washed with concentrated sulfuric acid (Fisher Chemical),
passed through sulfuric acid/silica gel (1:2 w/w) columns
(Flash Chromatography Grade; 70−230 Mesh; Fisher
Chemical), and finally spiked with 25 ng of each of the d5-
PCB30 and PCB204 internal standards.
For OH-PCB analysis, we modified our previous methods to

improve the extraction efficiency and to reduce matrix
interference.10,52 Twenty grams of the 1:1 sediment/DE
mixtures were spiked with 25 ng of each of the 13C12-OH-
PCB surrogate standards and then extracted twice with
hexane/acetone (1:1 v/v) by PLE. Next, the extracts were
washed with concentrated hydrochloric acid (Fisher Chem-
ical), partitioned with 1 N potassium hydroxide/ethanol (1:1
v/v) (Fisher Chemical and Sigma-Aldrich, St. Louis, MO,
USA, respectively) to remove PCBs, neutralized with hydro-
chloric acid, and derivatized to MeO-PCBs with diazomethane
in diethyl ether.53 MeO-PCBs were then separated from
residual lipids by gel permeation chromatography.52 Finally,
the extracts were passed through hydrochloric acid/silica gel
(1:3 w/w) columns and spiked with 25 ng of each of the d5-
PCB30 and PCB204 internal standards.

Aroclor Samples. Monsanto Aroclors including A1016,
A1242, and A1254 in their original containers were provided
by Dr. Larry Robertson through the Synthesis Core of Iowa
Superfund Research Program (ISRP) (Figure S1). A1248 was
purchased from AccuStandard. Aroclors were analyzed in
triplicate. For PCB analysis, 4 μg of Aroclors were diluted with
hexane and spiked with 25 ng of each of the surrogate and
internal standards.
For OH-PCB analysis, 1 g of Aroclors were spiked with 25

ng of each of the 13C12-OH-PCB surrogate standards,
partitioned with 1 N potassium hydroxide/ethanol (1:1 v/v)
to remove PCBs, neutralized with hydrochloric acid,
derivatized to MeO-PCBs with diazomethane, passed through
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hydrochloric acid/silica gel (1:3 w/w) columns, and spiked
with 25 ng of each of the internal standards.
Instruments and Quantifications. Gas chromatography

(GC) coupled with mass spectrometry (MS) was employed for
identification and quantification of PCBs and OH-PCBs using
methods previously reported.41,42,52,54 PCBs were analyzed
with an Agilent 7890A GC equipped a with Supelco SPB-Octyl
capillary column (30 m, 0.25 mm i.d., 0.25 μm film thickness)
coupled with an Agilent 7000B Triple Quadrupole (QqQ) MS.
OH-PCBs derivatized to MeO-PCBs were analyzed with an
Agilent 7890B GC equipped with a Supelco SPB-Octyl
capillary column coupled with an Agilent 7000D QqQ MS.
See Tables S4 and S5 for chromatographic conditions. Two
hundred and eight PCBs (174 chromatographic peaks), 70
OH-PCBs derivatized to MeO-PCBs whose standards were
commercially available (64 chromatographic peaks), and
surrogate standards were quantified in positive electron
ionization (EI) at 70 eV in multiple reaction monitoring
(MRM) mode using the internal standard method.52,54

OH-PCBs whose standards were not commercially available
were quantified with our novel strategy using the correlation
between the peak responses and the number of chlorines in the
molecules or homologues as described elsewhere.52 Briefly,
unknown OH-PCBs derivatized to MeO-PCBs were first
identified based on chlorine isotope distribution in selected ion
monitoring (SIM) mode (Table S6). Then, they were verified
by comparing their fragmentation patterns from collision-
induced dissociation (CID) at 10−50 eV to those of MeO-
PCB standards in product ion mode. Next, the peak responses
of MeO-PCB standards were captured in sextuplicate in
positive EI at 30 eV in SIM mode and were used to generate a
model to predict the peak responses of unknown MeO-PCBs
from homologues (Figures S2 and S3). Finally, the peak
responses of unknown OH-PCBs as MeO-PCBs were captured
under the same conditions and were compared to those from
the predictive model with the corresponding homologue to
calculate the compound mass in each sample. The full suite of
PCB and OH-PCB concentrations and associated metadata has
been released to a data repository.55

Quality Assurance (QA) and Quality Control (QC). The
capability of our methods was assessed through the extraction
efficiency and the limits of quantification (LOQs) using
median (x̃) and arithmetic mean ± standard deviation (x̅ ± s).
Moreover, internal standard (d5-PCB30 and PCB204) and
multiple injection methods (≥3 for standards and ≥2 for
samples) were employed to ensure precise quantification. We
previously reported an assessment of the accuracy of our
method using a solution of MeO-PCBs provided by Synthesis
Core of ISRP.52

The extraction efficiency was represented by the recoveries
of surrogate standards: PCBs in sediments (x̃ = 100%; x̅ ± s =
105 ± 28%); OH-PCBs in sediments (x̃ = 104%; x̅ ± s = 115
± 43%); PCBs in Aroclors (x̃ = 99%; x̅ ± s = 102 ± 11%); and
OH-PCBs in Aroclors (x̃ = 91%; x̅ ± s = 90 ± 20%) (see
Tables S7 and S8). We used the surrogate standard recoveries
to correct the PCB and OH-PCB masses in samples and
method blanks.
The LOQs were obtained from the analysis of method

blanks, where DE and hexane were used as method blanks in
sediment and Aroclor analysis, respectively (see Tables S9 and
S10). For PCB and known OH-PCB analysis, LOQs were
calculated using the upper end of the 95% confidence interval
(x̅ + tα = 0.05 × s). LOQs varied among the types of analysis:

PCBs in sediments (x̃ = 0.14 ng/g; x̅ ± s = 1.3 ± 3.1 ng/g);
known OH-PCBs in sediments (x̃ = 0.03; ng/g; x̅ ± s = 0.05 ±
0.10 ng/g); PCBs in Aroclors (x̃ = 0.09 ng/sample; x̅ ± s =
0.13 ± 0.16 ng/sample); and known OH-PCBs in Aroclors (x̃
= 0.65 ng/sample; x̅ ± s = 0.82 ± 0.79 ng/sample). For the
LOQs of unknown OH-PCBs, we used the upper end of the
95% confidence interval of geometric mean (GM) LOQs of
known OH-PCBs ( exp ( ln(LOQ) ̅ + tα = 0.05 × sln(LOQ))).
LOQs of unknown OH-PCBs in sediments are 0.15 ng/g, and
those in Aroclors are 2.4 ng/sample. Congener concentration
or mass below the LOQ was given a value of zero.

Statistical Analysis. Statistical analyses were computed in
the R statistical computing environment (version 4.0.5).56

Packages “boot” (version 1.3−27) and “beeswarm” (version
0.3.1)57−59 were respectively used to compute and plot the
model to predict the peak responses of unknown MeO-PCBs
from homologues. Nonparametric tests and log-transformation
were mainly utilized because the OH-PCB and PCB levels did
not normally distribute. A significance level of 0.05 is used
throughout this report.
To examine the similarity of OH-PCB distributions in

sediments from the PCB-contaminated sites and in Aroclors,
we first constructed OH-PCB congener profiles of each sample
by arranging the concentrations of all 275 OH-PCB peaks
found in this study by homologues and chromatographic peak
elution orders. Then, we calculated cosine similarity (cos
θ)41,42,60,61 of all possible pairs of samples. The cos θ range is
between 0 and 1. The closer to 1, the more similar between the
OH-PCB congener profiles. Finally, we examined the similarity
among samples using the median (x̃) and arithmetic mean ±
standard deviation (x̅ ± s) of cos θ.
This is the first time that cos θ is used with the full suite of

OH-PCB congener profiles,60,61 so we validated the reprodu-
cibility of OH-PCB congener profiles and the sensitivity of cos
θ by evaluating the profiles of Aroclors (Figures S17−S20). We
found that when the OH-PCB congener profiles of triplicate
analysis were compared, cos θ approached perfect similarity:
A1016 (0.96 and 0.98); A1248 (both 0.99); and A1256 (0.91
and 0.96). This indicates the reproducibility of our OH-PCB
congener profiles. When the OH-PCB profiles of different
Aroclors were compared, cos θ values were much lower (x̃ =
0.08; x̅ ± s = 0.12 ± 0.07). This indicates the sensitivity to
differentiate congener profiles.
In A1242, the unknown OH-PCB levels were all below the

LOQ, fewer than five congeners of known mono- and tri-
chlorinated OH-PCBs were detected, and the total OH-PCB
concentrations were too low to construct reliable profiles
(Figure S18). We then excluded A1242 from further analysis.

■ RESULTS AND DISCUSSION
OH-PCBs in PCB-Contaminated Sediments. The OH-

PCB and PCB levels in sediments are highest in NBH followed
by AWL and the IHSC (Figures 1 and S5−S16). In five NBH
sediments, we found that the total OH-PCB concentrations
range from 9.9 to 18 μg/g dry weight (DW) with a GM
concentration of 12 μg/g DW, and the total PCB
concentrations range from 240 to 3800 μg/g DW with a
GM concentration of 1500 μg/g DW. NBH is an urban tidal
estuary located in Massachusetts and is one of the largest PCB
superfund sites in the United States.62,63 Aroclors were
discharged into the estuary for more than 30 years before an
attempt to reduce the PCB contamination by dredging started
in 1994.49,62−64 The PCB levels we measured in sediments
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collected in 2017 are similar to those reported by the US EPA
in 2005 and in 2012 but are higher than those in postdredging
sediments in 2019.49,63,64

In five AWL sediments, we found that the total OH-PCB
concentrations range from 0.039 to 2.6 μg/g DW with a GM
concentration of 0.38 μg/g DW, and the total PCB
concentrations range from 4.7 to 3800 μg/g DW with a GM
concentration of 150 μg/g DW. AWL is a 25,000 m2

emergency wastewater overflow lagoon located in Altavista,
Virginia.65,66 AWL was contaminated with PCBs from the
industries in Altavista sometime before the manufacture of
PCBs was halted in 1977.65,66 The PCB levels in AWL
sediments in our study are comparable to those reported by
Mattes et al. (2018).43 We found that the total OH-PCB
concentrations in AWL sediments are significantly lower
(Wilcoxon−Mann-Whitney test, p-value = 0.0079) and are
about one third of those in NBH sediments. The PCB levels in
AWL sediments are about one tenth of those in NBH
sediments. However, the difference is not statistically
significant (Wilcoxon-Mann−Whitney test, p-value = 0.22)
because of the high variation and small sample sizes.
In two IHSC sediments, we found that the total OH-PCB

concentrations are 0.058 and 0.21 μg/g DW, and the total
PCB concentrations are 20 and 72 μg/g DW, respectively. The
IHSC is in East Chicago, a heavily industrialized urban
community on the southern shore of Lake Michigan.67,68 The
IHSC is one of the largest tributary sources of PCBs into Lake
Michigan.41,42,67,68 We have reported OH-PCB and PCB levels
in IHSC sediments, in the air, and in human serum from East
Chicago and have shown the importance of the IHSC as a
source of airborne OH-PCBs and PCBs to the commun-
ity.10,13,41,42,69,70 The total OH-PCB and PCB concentrations
in IHSC sediments are a few percent of those in NBH
sediments and about a 25% of those in AWL sediments.
Comparing only the small subset of the known OH-PCB
congeners and PCBs, the levels in this study are similar to our
previous report.10,41,42 The sample size of IHSC sediments is
too small to perform statistical analysis. We excluded another
available IHSC sediment from the report because of a method
error. See Table S11 for discussion.
Relationships between OH-PCB and PCB Levels Are

Different among the PCB-Contaminated Sites. The
relative concentrations of OH-PCBs to PCBs ([OH-PCBs]/

[PCBs]) in the sediments in this study are highly variable and
range from 0.068 to 4.8% with a GM [OH-PCBs]/[PCBs] of
0.43%. In NBH sediments, the [OH-PCBs]/[PCBs] range
from 0.32 to 4.8% with a GM [OH-PCBs]/[PCBs] of 0.84%
(Figure 2). We found neither the linear (Pearson test, p-value

= 0.87) nor the range correlations (Spearman test, p-value =
0.78) between OH-PCB and PCB levels in NBH sediments
(Figure S4).
In AWL sediments, the [OH-PCBs]/[PCBs] range from

0.068 to 0.83% with a GM [OH-PCBs]/[PCBs] of 0.25%. We
found a rank correlation between OH-PCB and PCB levels in
AWL sediments (Spearman test, p-value = 0.017). Investigat-
ing further, we found a correlation between log-OH-PCB and
log-PCB concentrations in AWL sediments (p-value = 0.002).
The log−log correlation (β1 = 0.61) suggests that if the PCB
concentration in an AWL sediment is 2 times higher than that
in another sediment, its OH-PCB concentration is expected to
be higher by 20.61 = 1.5 times.
Overall, we cannot confirm our hypothesis that OH-PCB

levels and distributions in sediments are proportional to the
PCB contamination levels because the correlations between
OH-PCB and PCB levels are not linear and are different
between NBH and AWL. This difference may be due to the
geographical characteristics and human activities at the two
PCB-contaminated sites. At NBH, river tidal flow and
numerous human activities, including dredging remediation,
disturb the sediment.62,63 At AWL, there is no water flow. Only
wind and occasional sampling activities provide any sediment
disturbance.65 Moreover, OH-PCB and PCB levels in sedi-
ments also depend on microbial activities. OH-PCBs may be
transformed to methoxylated polychlorinated biphenyls.12

PCBs can be aerobically oxidized with dioxygenase enzymes
in the biphenyl upper pathway to catechol metabolites which
can spontaneously be cleaved and transform to chlorobenzoate
or can rearrange to orthoquinone metabolites.71−73 PCBs can
also be anaerobically dechlorinated by becoming terminal
electron acceptors in the respiration chains.43,72,74 The
microbial communities in the brackish of NBH and in the
freshwater of AWL are different and may alter OH-PCB and
PCB levels differently. We could not evaluate the correlation
between OH-PCB and PCB levels in IHSC because we have
only two samples. However, both samples had the [OH-

Figure 1. GMs of log-transformed total OH-PCB and PCB
concentrations (μg/g dry weight) of NBH, AWL, and IHSC
sediments and Aroclors. The error bars indicate geometric standard
deviation.

Figure 2. Boxplot of log-transformed relative concentrations of OH-
PCBs to PCBs (log([OH-PCBs]/[PCBs])) of NBH, AWL, and IHSC
sediments and those of Aroclors. The whiskers indicate 1.5 times the
interquartile range.
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PCBs]/[PCBs] at 0.28% which is comparable to those in NBH
and AWL sediments. Additional studies are needed to fully
understand the relationship between OH-PCB and PCB levels.
Sources of OH-PCBs in Sediment. We hypothesized that

OH-PCBs in the original Aroclors are a direct source of OH-
PCBs in the sediments. We previously reported the finding of
OH-PCBs as a residual in original Aroclors using 65 OH-PCB
commercial standards.10 Here, we report the total concen-
trations of the full suite of OH-PCBs in four selected Aroclors
(Figure 1) together with their congener-specific concentrations
(Figures S17−S20). We found total OH-PCB concentrations
in A1016, A1248, and A1254 to be 4.2, 23, and 14 μg/g-
Aroclor, respectively, while that in A1242 is much lower at 0.57
ng/g-Aroclor. Using cos θ, we found that the PCB congener
distributions in our Aroclors (Figure 3) were consistent with

those in the corresponding Aroclors reported by Frame et al.
(1996) with more than 0.97 similarity.75 The total PCB
concentration in the four Aroclors ranged from 81 to 98% w/w
with an arithmetic mean of 91% w/w.
Our findings do not support our original hypothesis that

OH-PCBs in Aroclor mixtures explain their presence in
sediments. Differential sorption or accumulation also cannot
explain the differences we found. Because of the hydroxyl
moiety, OH-PCBs are more water-soluble than PCBs,
especially those higher-chlorinated OH-PCBs with a high
value of acid dissociation constant (Ka).76,77 Although the
salinity of water can enhance the sedimental sorption of OH-
PCBs,78−80 the amount of OH-PCBs in sediments should be
less than those present in Aroclors if OH-PCBs originated
solely from Aroclors. However, we found the contrary (Figure
2). The [OH-PCBs]/[PCBs] in the sediment from the three
PCB-contaminated sites were significant and much greater
than those found in the four Aroclors (Wilcoxon−Mann-

Whitney test, p-value < 0.0001). The [OH-PCBs]/[PCBs] in
sediments is at least 30 times higher than those in Aroclors
with a GM difference of 4500 times. This evidence shows that
the contribution of the original commercial mixtures to OH-
PCB contamination in sediments is negligible.
The OH-PCB congener distributions of sediments from the

same PCB-contaminated site are similar, but they differ among
the sites (Figure 4 and Table S12). Using cos θ, we found that

the OH-PCB congener profiles of sediments from the same
PCB-contaminated sites are similar with more than 0.74 of
mean similarity. However, when the OH-PCB congener
profiles are compared among the PCB-contaminated sites,
they are different from the others with less than 0.23 of mean
similarity. OH-PCB congener distributions in sediments are
site-specific.
NBH is well known to be mainly contaminated with A1016

and A1242,62,63 and our NBH sediments show a PCB signal
about 0.77 similar to the two Aroclors (Figure 3). However, we
found that the OH-PCB congener distributions of NBH
sediments are different from those of A1016 (Figure 4) with
only about 0.20 similarity (Table S12). We also found that the
majority of OH-PCBs in NBH sediments have 3 to 4 chlorines,
but the OH-PCBs in A1016 have 2 to 3 chlorines (Table S13).
Moreover, we found many OH-PCBs with 5 to 6 chlorines in
NBH sediments, while these homologues are almost
undetected in A1016. This evidence also supports our

Figure 3. PCB congener profiles of NBH, AWL, and IHSC sediments
and those of Aroclors. Y-axis is the concentration fraction of total OH-
PCBs with each tick indicating 5%. On X-axis, PCB congeners are
arranged by congener names.

Figure 4. OH-PCB congener profiles of NBH, AWL, and IHSC
sediments, and those of Aroclors. Y-axis is the concentration fraction
of total OH-PCBs with each tick indicating 10%. On X-axis, OH-PCB
congeners are arranged by chlorination and the peak elution order
(Supelco SPB-Octyl capillary column). The green bars indicate OH-
PCBs identified with authentic standards, and black bars indicate OH-
PCBs known only by the homologue (#Cl) and RRT. Under each
title on the left side are the numbers of known (green) and unknown
(black) OH-PCBs. Bars on the right side show the proportions of
known (green) to the total OH-PCB concentrations with each tick
indicating 25%.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c04780
Environ. Sci. Technol. 2022, 56, 2269−2278

2273

https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c04780/suppl_file/es1c04780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c04780/suppl_file/es1c04780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c04780/suppl_file/es1c04780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c04780/suppl_file/es1c04780_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04780?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04780?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04780?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04780?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04780?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04780?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04780?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c04780?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c04780?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


hypothesis that the environmental production is the origin of
OH-PCBs in sediments.
The OH-PCB congener and homologue distributions of

AWL and IHSC sediments are different from those of A1248
with less than 0.05 similarity, although they were previously
reported to be contaminated with A1248 and have PCB signals
similar to A1248 with about 0.90 similarity.41−43 While the
majority of OH-PCB in AWL and IHSC sediments have 1 to 3
chlorines, those in A1248 have 3 to 5 chlorines (Figure 4 and
Table S13). However, we found that the OH-PCB congener
distributions of AWL and IHSC sediments are partly similar,
0.40. We consider two possibilities to explain this finding. First,
a portion of the OH-PCBs in sediment may have originated
from the OH-PCBs originally present in Aroclors. Second, a
portion of the OH-PCBs in these sediments may be due to the
environmental transformation of the common PCB congeners
contaminating the sediments. In both scenarios, environmental
conditions and the age of sediments due to the original
contamination would affect the accumulation of OH-PCBs in
the sediment. The microbial communities are likely to be
different between the two sites, thus resulting in the differences
in the specificities to PCB precursors and OH-PCB products
and in conversion rates.43,73 Also, the difference in the pH,
salinity, and flow of the water as well as the compositions of
sediments would result in different accumulation of OH-PCBs
in the two sediments. Accordingly, the OH-PCB signals of
AWL and IHSC sediments can be partly similar but different
from those in A1248. More studies are yet to understand the
biotic and abiotic production, the fate and transport, and the
accumulation of OH-PCBs in the environment.
Predominant OH-PCB Congeners in Sediments.

Although OH-PCBs can be quantified through our semitarget
strategy, authentic standards are essential for biological studies.
This requires structure elucidation and synthesis of individual
OH-PCB congeners. While the synthesis of all 837 possible
mono-OH-PCB congeners is impractical, identifying predom-
inant OH-PCB congeners present in the environment will
enable toxicological study and risk assessment. Of 275
individual or coeluting OH-PCBs congeners that we found
in this study, 106 congeners were detected only in Aroclors, 35
congeners were present only in sediments, and 134 congeners
were found in both sediments and Aroclors. These 134
congeners explain about 80−100% of the total OH-PCB
concentrations in the sediments. We detected about 80 OH-
PCB congeners in each sediment sample, and their
concentrations are not linearly distributed. About 60 of them
have concentrations less than 1/n of the total concentrations,
where n is the number of congeners in the sample. The sums of
the remaining 20 congeners explain about 80% of the total
concentrations in the samples. The two predominant peaks
with the highest concentrations explain more than 30% of the
total concentrations in the sediments, and, thus, are most likely
an environmental and human health concern.
We conducted further studies to identify the predominant

OH-PCB congeners. We found that only about 30% of the
total OH-PCBs we detected are known and have commercial
standards available (Table S13). In all NBH sediments, we
found an unknown tetra-chlorinated OH-PCB with a relative
retention time when compared with the d5-PCB30 internal
standard (RRT) of 1.524. Considering the similarity of CID
fragmentation patterns to para-hydroxylated tetra-chlorinated
OH-PCB standards52 and the high levels of PCB52 in NBH
sediments (Figure 3), we speculated that this compound is 4-

OH-PCB52 and confirmed with an authentic standard
(Figures S21−S26).46 We also identified another predominant
peak as 4′-OH-PCB18 using a commercial standard.
In AWL and IHSC sediments, we found two unknown OH-

PCBs: one containing two chlorines with an RRT of 1.232
(2@1.232) and the other one containing three chlorines with
an RRT of 1.482 (3@1.482). While 3@1.482 is found in both
AWL and IHSC sediments, 2@1.232 is found only in AWL
sediments. Considering (i) the high levels of PCB4, PCB8,
PCB17, PCB18 + PCB30, PCB20 + 28, and PCB31 in AWL
and/or IHSC sediments (Figures S11−S14), (ii) the PCB
congener distribution of A1248,75 (iii) the possible oxidative
metabolites of these PCB congeners,1−4 and (iv) the similarity
of CID fragmentation patterns to para-OH-PCB standards,52

we speculate that 2@1.232 is 4-OH-PCB4 or 4-OH-PCB8, and
3@1.482 is 4-OH-PCB18 or 4-OH-PCB31. We have
confirmed that 2@1.232 is not 4-OH-PCB8 with an authentic
standard.45,47 The other OH-PCB standards are yet to be
synthesized. We also identified another predominant peak as 4-
OH-PCB2 in IHSC sediments using a commercial standard.
We found that the concentrations of 4-OH-PCB52 and 4′-

OH-PCB18 in NBH sediments are the first and the second
highest among the 275 OH-PCB individual or coeluting
congeners found in this study, and they account for about 18
and 12% of the total OH-PCB concentrations in NBH
sediments, respectively. Neither 4-OH-PCB52 nor 4′-OH-
PCB18 exceeds 1.2% in any Aroclors and 3.3% in any other
sediments, although PCB52 and PCB18 are predominant in
most samples (Figure 3). While the concentrations of 3@1.482
are the highest in both AWL and IHSC sediments, 2@1.232
and 4-OH-PCB2 are respectively the second. Their combina-
tions compose more than 33 and 48% of the total
concentrations in AWL and IHSC sediments, respectively.
Neither of these congeners exceeds 0.9% in any Aroclors
except 5.0% of 4-OH-PCB2 in A1016, whose PCB signal
differs from those of AWL and IHSC sediments. 3@1.482 and
2@1.232 are less than 1.8% in NBH sediments. We conclude
that these predominant OH-PCB congeners in sediments
were/are produced in the environment, site-specifically.
PCB52, PCB18, PCB3, and PCB2 can be metabolized by

CYP450 enzymes to several OH-PCBs (Figures 5 and S27−
S29).1−3,19,20,81 Para-OH-PCBs, especially those with vicinal
nonchlorine-substituted positions, are the more preferable
products than meta- or ortho-OH-PCBs.82 Para-OH-PCBs are
also the major OH-PCB congeners detected in human
serum.69,70,83−85 Likewise, the abiotic oxidation of PCB52,

Figure 5. General hydroxylation through CYP450 of PCB52. The
scheme is modified from the study by Grimm et al. (2015).3
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PCB18, PCB3, and PCB2 is more likely to produce para OH-
PCBs.1−3,8,19,20,81 In addition, PCB52 can sequentially be
dechlorinated to PCB18 and be oxidized to OH-PCB18 by
microorganisms.43,72,74 We found the high levels of 4-OH-
PCB52 and 4′-OH-PCB18 only in NBH sediments, although
PCB52 and PCB18 are prominent in all PCB-contaminated
sites. This indicates site-specific environmental production of
4-OH-PCB52 and 4′-OH-PCB18. We also found that the 4-
OH-PCB2 level in IHSC sediments is about 3.5 times larger
than those of PCB3 and PCB2 combined and is more than 13
times greater than the combination of the more abiotically
preferable products 4′-OH-PCB3 and 4′-OH-PCB2. This
indicates that most of PCB3 and PCB2 may enzymatically
and specifically be metabolized to 4-OH-PCB2. Although the
actual sources of these predominant OH-PCB congeners still
need further studies, our findings suggest the environmental
production of potentially toxic OH-PCBs in sediments.
4-OH-PCB52 and 4′-OH-PCB18 are more toxic than their

parent PCB congeners. 4-OH-PCB52 is the most toxic
congener against the viability of neural cell lines N27 and
SH-SY5Y and hepatic cell line HepG2 among the commonly
observed airborne PCBs (PCB3, PCB8, PCB11, and PCB52)
and their OH-PCB and PCB sulfate derivatives.86 4-OH-
PCB52 also has higher potency than PCB52 toward the
ryanodine receptor, an important calcium channel for neuro-
development and synaptic plasticity.87 Likewise, 4′-OH-PCB18
and 4-OH-PCB2 have agonistic activities via estrogen
receptors and antagonistic activities via the androgen receptor
and glucocorticoid receptor.88 The estrogenic effect of 4′-OH-
PCB18 is stronger than that of PCB18.47 4-OH-PCB2 can
affect neurodevelopment through neuronal elongation in a
dose-dependent manner.89,90

Although there are a number of studies reporting OH-PCBs
in environmental matrices and in humans,8−13,69,70,83−85 there
are only two exposure and toxicokinetic studies linking OH-
PCBs in environmental matrices and in humans.91,92 Generally
OH-PCBs are less bioavailable than PCBs. Considering the
molecular weights and Ka, lower-chlorinated OH-PCBs are
more likely to be in neutral forms, volatilize into the air, and be
absorbed through inhalation, while higher-chlorinated OH-
PCBs are more likely to be in ionized forms, dissolve in water,
and be absorbed through ingestion.76,77 Although the OH-
PCB levels in sediments are a small fraction of the PCB levels,
the mass may still pose significant additional risk in many PCB
contamination sites across the country. OH-PCBs can also be
converted by plants, microorganisms, and mammals to MeO-
PCBs that are more volatile.12,92,93 OH-PCBs are more
vulnerable to phase II metabolism, be excreted relatively
faster, and less likely to accumulate in the bodies than PCBs.
Still, they can be retained in the bodies for several days.91,92

OH-PCBs bind strongly to serum proteins although reversibly
and are found in several organs.1−4 Nevertheless, the numbers
of OH-PCB exposures and toxicokinetic studies are still
limited, and more studies are needed to fully understand their
risk of toxicity in humans.
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